ߜ Using standard immunohistochemical techniques and an improved procedure for whole-mount vascular preparations, the authors describe the pattern and density of innervation of calcitonin gene-related peptide (CGRP)-like, neuropeptide Y (NPY)-like and vasoactive intestinal polypeptide (VIP)-like immunoreactivity in major arteries of postmortem adult human circles of Willis. Calcitonin gene-related peptide-, NPY-, and VIP-LI exhibited a variety of varicose and nonvaricose single axons, and small and large perivascular nerve bundles. Although the density of innervation within each vascular segment was highly variable, the pattern of innervation for each neuropeptide observed was consistent throughout the circle of Willis. With the use of human and rat circles of Willis as positive control preparations, the lack of CGRP-LI, NPY-LI, and VIP-LI in vessel segments taken from five cases of intracranial arteriovenous malformations (AVMs) is also reported. It is concluded that adult human circles of Willis exhibit CGRP-LI, NPY-LI, and VIP-LI perivascular nerves. In addition, intracranial AVMs do not possess these peptide-containing nerves that, in animals, normally mediate neurogenic control in the cerebrovasculature. It is hypothesized that this lack of innervation, and hence neurotrophic influence, may contribute to the development of AVMs.
HE immunohistochemical localization and origin of peptidergic perivascular nerves in the cerebral circulation of animals have been well described in numerous studies. 10, 11, 19, 29, [33] [34] [35] [37] [38] [39] It is also known that calcitonin gene-related peptide-like immunoreactivity (CRGP-LI) is often colocalized with substance P-LI (SP-LI) in sensory nerves, 34, 39 neuropeptide Y-LI (NPY-LI) with noradrenaline in sympathetic nerves, 1, 4, 8 and vasoactive intestinal polypeptide-LI (VIP-LI) with acetylcholine and nitric oxide synthase-LI in parasympathetic nerves. 11, 13, 24, 29, 34 Although these categories are not selective because some peptides are found in more than one type of ganglia (NPY also coexists with VIP in parasympathetic nerves and ganglia), 33 CGRP, NPY, and VIP represent the major neuropeptides present in each subclass of perivascular nerves.
Distribution Pattern in the Circle of Willis
Few studies have described the distribution pattern of peptide-containing perivascular nerves in the human circle of Willis. Radioimmunoassay techniques have mainly been used for investigating adult human large cerebral arteries, with only one report examining cerebellar arteries. 1 Immunohistochemical techniques have concentrated mainly on transverse sections of human cerebral arteries 5, 7, 14 or whole-mount preparations of small pial, 6 temporal, 15 and fetal arteries. 18 To date, there are few immunohistochemical studies 9, 29 showing the pattern and density of innervation or neuropeptide-containing perivascular nerves in major cerebral and cerebellar arteries from adult humans in whole-mount vascular preparations.
Perivascular nerves in cerebral vessels originate mainly from extracranial ganglia (trigeminal ganglion (sensory), superior cervical ganglion (sympathetic), and sphenopalatine ganglion (parasympathetic)), and also from intracranial ganglia; 5, 11, 13, 16, 25, 34, 35, [37] [38] [39] these nerve fibers mediate local neurogenic control of cerebral blood flow. 4, 33 Although models have been postulated 22 and mechanisms proposed, 22, 23, 30, 31, 36 the control of cerebral blood flow through arteriovenous malformation (AVMs), 17 a congenital cerebrovascular disease, 12 is thought to be a passive, pressure-dependent phenomenon 28, 31 that is poorly understood. 23, 30, 36 In this study, we investigated whether AVMs possess CGRP-LI, NPY-LI, and VIP-LI (peptidergic markers, representative of sensory, sympathetic, and parasympathetic perivascular nerves, respectively), capable of mediating neurogenic control of local blood flow. These preparations were compared with human and rat circles of Willis that are known to possess all three of the aforementioned neu-ropeptides. We also describe a modification of the wholemount vascular preparation technique that allows illustration of the pattern and density of perivascular nerves in adult human cerebral and cerebellar arteries. A summary of this work has been previously published.
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Materials and Methods
Tissue Preparation and Fixation
Six male Wistar rats were deeply anesthetized with sodium pentobarbital (60 mg/kg) given intraperitoneally, and then decapitated. The brain was removed and placed in Zamboni's fixative (24 to 48 hours at 4˚C). After fixation, the circle of Willis was removed from the ventral surface of the brain, and it was washed three times, 15 minutes each, in 0.1 M phosphate-buffered saline (PBS) (pH 7.4) and, if necessary, stored in PBS with 0.03% sodium azide at 4˚C.
Eleven human circles of Willis, harvested from nonneuropathological causes for autopsy with postmortem times of 5 to 22 hours, two feeding arteries, and the nidus of five AVMs were either placed directly into Zamboni's fixative (24 to 48 hours at 4˚C) or initially perfused with PBS followed by Zamboni's fixative. Segments were cut from the following arteries: anterior, middle, and posterior cerebral; superior, anterior inferior, and posterior inferior cerebellar; and basilar from the circles of Willis, and from the feeding artery and nidus of AVMs for immunohistochemical staining.
Immunohistochemical Analysis
The vessel segments were washed in 50 mM Tris buffer with 1.5% sodium chloride (TBS) (pH 7.4) and made permeable with 0.4% Triton X-100 in TBS for 30 minutes, then blocked with 0.1% Triton X-100 and 4% normal goat serum in TBS for 30 minutes. After washing in TBS, the specimens were exposed to rabbit antiserum against CGRP (1:2000), NPY (1:2000) or VIP (1:1500) in 0.1% Triton X-100, 2% normal goat serum and 0.02% sodium azide in TBS overnight at 4˚C. Subsequently, biotinylated goat anti-rabbit immunoglobulin G antibody and avidin-biotinylated peroxidase complex* were conjugated to each primary antibody at room temperature for 1 hour each. Immunolabeled peroxidase was developed by incubation at room temperature for 10 minutes with 0.04% diaminobenzidine tetrahydrochloride and 0.003% hydrogen peroxide in TBS. Either incubation with normal rabbit serum instead of primary antisera or omitting the primary antiserum eliminated specific staining in human and rat cerebral arteries.
Whole-Mount Preparations
Intact rat circles of Willis were mounted on gelatin-coated slides, while segments of human circles of Willis and AVMs were subjected to further microdissection prior to mounting on gelatin-coated glass slides.
A segment of human blood vessel (AVM or control) was cut open and placed on a glass slide with the endothelial layer facing upward. Using microforceps, the endothelial layer was peeled off revealing the medial layer. The latter was scraped off leaving a thin layer of smooth muscle to support the adventitial and external elastic fiber layers of the blood vessel wherein lie the perivascular nerves. This segment of blood vessel was then mounted with the adventitial surface uppermost. The aforementioned procedure is critical in large vessels because it overcomes the difficulty of mounting, viewing, and photographing thick, muscular arteries.
All specimens, including rat circles of Willis, were air dried overnight. Following dehydration in 70%, 80%, 90%, and 100% ethanol (each for 30 minutes) the preparations were cleared in xylene for at least 60 minutes, mounted in Permount, and viewed and photographed using a photomicroscope and ϫ 25 objective with water immersion.
Assessment of Nerve Fiber Density
To assess the density of nerve fibers in the human whole-mount specimens, a graticule with a 1-cm line was placed in one eyepiece (ϫ 10) of the microscope (ϫ 10 objective) and positioned along the middle of the most densely innervated area of each preparation. During the adjustment of the microscope to include nerve fibers out of the plane of focus, the total number of fibers crossing this 1-cm line was counted. This method does not give absolute numbers of these fibers, because the density of innervation along each segment of vessel from postmortem human circles of Willis was highly variable; therefore the areas counted in this study represent the maximum density of innervation for each segment evaluated. In addition, it is possible that a single nerve fiber may cross the 1-cm line more than once. This method, however, provides a measure of relative quantitation for comparing the density of innervation of one neuropeptide to another. Statistical analysis was performed using one-way analysis of variance followed by both Tukey's and Bonferroni's posthoc tests. Data are represented as mean Ϯ standard deviation.
Results
Analysis of Rat Cerebral Arteries
We observed CGRP-LI, NPY-LI, and VIP-LI in varicose and nonvaricose single axons and bundles of perivascular nerve fibers in all preparations. No immunoreactivity was noted when primary antisera were omitted or replaced by normal rabbit serum. In comparison, the relative density of distribution observed in rat circles of Willis showed CGRP-LI ϵ NPY-LI у VIP-LI. The CGRP-LI and VIP-LI nerve fibers had single varicose axons, and small and occasionally large nonvaricose bundles that ran both horizontally and longitudinally in the adventitial layer of the vessel wall. The NPY-LI showed an abundant meshwork of mainly single varicose axons and small nonvaricose perivascular nerve bundles, with sparse large bundles that ran the length of the vessels (data not shown).
Analysis of Human Cerebral Arteries
Postmortem human arteries from all areas of the circle of Willis examined showed CGRP-LI, NPY-LI, and VIP-LI (Fig. 1A-C) . Each neuropeptide had its characteristic pattern of innervation that was consistent throughout the circle of Willis and not unlike the pattern observed in the rat.
The CGRP-LI consisted of a combination of single varicose axons, and small and large bundles of varicose and nonvaricose nerve fibers. Fibers ran vertically, horizontally, and obliquely along the length of the vessels (Fig. 1A) .
The NPY-LI exhibited a predominance of single varicose axons and small nonvaricose nerve bundles that formed a dense, lightly stained meshwork along the adventitial layer (Fig. 1B) ; large NPY-LI bundles were sparse. This pattern of innervation was consistent across the circle of Willis. Because it was difficult to focus on most of the fibers in any given field of view (Fig. 1B) , the NPY-LI perivascular nerve fibers appeared convoluted, running at various levels throughout the adventitial layer.
The VIP-LI was similar to CGRP-LI, with a mixture of single varicose axons, and small and large bundles of varicose and nonvaricose fibers (Fig. 1C) ; however, unlike CGRP-LI, most VIP-LI fibers ran along the length of the artery, with few fibers running horizontally or obliquely.
Although the density of innervation of CGRP-LI, NPY-LI, and VIP-LI throughout the circles of Willis was not statistically different (Table 1) , there was a tendency for a rank order of NPY-LI ϵ CGRP-LI Ͼ VIP-LI throughout the circle of Willis (Fig. 1A-C) . Additionally, each neuropeptide-LI tended to show a rostrocaudal distribution of innervation in which the posterior cerebral circulation Ͼ anterior cerebral circulation ϵ cerebellar circulation (Table 1) .
In many preparations, there were areas devoid of neuropeptide-LI adjacent to areas in which there was abundant neuropeptide-LI, that is, there was significant variation in the density of innervation within the same vascular preparation.
Analysis of Arteriovenous Malformations
Two blood vessels segments taken from the feeding artery and nidus of intracranial AVMs from five cases examined failed to show either CGRP-, NPY-, or VIPimmunoreactivity (Fig. 1D) .
Discussion
The pattern and density of innervation of CGRP-LI, NPY-LI, and VIP-LI in perivascular nerves in wholemount preparations of major cerebral or cerebellar arteries from postmortem adult human circles of Willis have been described and illustrated. Our quantification of the density of innervation for each of these neuropeptide-containing nerves is consistent with previously published radioimmunoassay data. 1, 5, 7, 14 Edvinsson, et al., 7 in particular, reported no significant difference in the levels of CGRP-LI, NPY-LI, and VIP-LI in human cerebral arteries; however, unlike these researchers, who observed few CGRPimmunoreactive and occasional VIP-immunoreactive nerve fibers using immunohistochemical techniques in transverse and oblique sections, we were able to identify significant innervation with both neuropeptides (Fig. 1A  and C) . The difference in observations may have been because Edvinsson and colleagues 7 examined small human pial arteries; however, by using the modified wholemount procedure described in this study, we were able to examine the major cerebral and cerebellar arteries of the adult human circle of Willis. By removing the endothelium and most of the medial layer of these arteries, the perivascular nerves were better visualized and illustrated within the adventitial layer in whole-mount preparations.
Benefits of the Whole-Mount Technique
An advantage of this modification is that the density and pattern of innervation are more easily assessed relative to using transverse sections of the vessels that provide little information in comparison. Another benefit of this technique becomes obvious when investigating changes in vascular innervation that may occur, for example, after xirradiation treatment 32 or after exposure to neurotoxins. 26 It is possible that significant visible changes in perivascular innervation may occur even though changes in total neurotransmitter content as measured by biochemical methods are subtle, 26 and vice versa. 32 Because in addition to perivascular nerves, some neuropeptides are now known to be localized in endothelial cells of human and other mammalian blood vessels, 20, 21 total vascular neuropeptide content obtained by radioimmunoassay analysis is limited as a useful index for assessing changes in neurotransmitter content.
It is likely that mechanical trauma and postmortem degeneration may account for the striking regional differences observed in most preparations showing areas with no immunoreactive staining adjacent to areas with significant immunoreactivity within the same whole-mount preparations. This is particularly true because perivascular nerves are predominantly found in the adventitial layer, but are also present at the interface of the adventitial/ medial layers. Consequently, removal of the medial layer must be carefully performed and, even then, the possibility of damage to some perivascular nerves cannot be overlooked.
Segments of rat and/or human circles of Willis were immunostained for CGRP-LI, NPY-LI, and VIP-LI alongside blood vessels taken from the feeding artery and nidus of AVMs that showed no immunoreactivity. Our results show that AVMs are devoid of CGRP-, NPY-, and VIPimmunoreactive perivascular nerves. Because these neuropeptides constitute the major peptidergic components of the sensory, sympathetic, and parasympathetic nervous systems, respectively, this observation suggests that AVMs do not possess perivascular nerves. This finding provides anatomical support for the proposal that cerebral blood flow through AVMs is a passive, pressure-dependent phenomenon 22, 28, 31, 36 with no local neurogenic control.
Neuropeptides act as neurotransmitters, but also possess neurotrophic capabilities, and the trophic influence of both sympathetic and sensory nerves on the vasculature is well known. 2, 3, 40, 41 Both the density of innervation and release of neurotransmitters are known to contribute to the development and specialization of vascular structure and function. 2 Arteriovenous malformations are thought to be congenital in origin and present at birth. 12, 17 It is possible to speculate therefore that the lack of perivascular nerves may be the result of a genetic inconsistency that deprives the vasculature of the necessary trophic influence from sympathetic and/or sensory perivascular nerves, resulting in the abnormal vascular growth and development manifested as AVMs.
Conclusions
Using an improved procedure for whole-mount vascular preparations in combination with standard immunohistochemical techniques, the pattern and density of innervation of CGRP-LI, NPY-LI, and VIP-LI in major cerebral and cerebellar arteries of the adult human circle of Willis has been described. In addition, it was demonstrated that intracranial AVMs lack these peptide-containing perivascular nerves; therefore it is proposed that this absence may contribute to the abnormal growth and development of AVMs.
